Dispersion relation for the CuO 2 hole is calculated based on the generalized t-tЈ-J model, recently derived from the three-band one. Numerical ranges for all model parameters, t/Jϭ2. 4-2.7, tЈ/tϭ0.0 to Ϫ0.25, tЉ/tϭ0.1-0.15, and three-site terms 2t N ϳt S ϳJ/4 have been strongly justified previously. Physical reasons for their values are also discussed. A self-consistent Born approximation is used for the calculation of the hole dispersion. Good agreement between calculated E k and one obtained from the angle-resolved photoemission experiments is found. A possible explanation of the broad peaks in the experimental energy distribution curves at the top of the hole band is presented. ͓S0163-1829͑96͒04345-7͔
Thus, it is not very surprising that masses in the directions along and perpendicular to the MBZ boundary were found close to each other. To be considered as the experimental constraint on the parameters of the t-tЈ-J model at J/tϭ0. 4 it fixes tЈ near Ϫ0.3t. 4 Returning to the experimental results, note that self-consistent Born approximation studies of the t-tЈ-J model performed in Ref. 4 show a very good fitting of features ͑i͒-͑iii͒, but a theoretical description of the last feature, i.e., a flat band along the (0,0)→(,0) line presents a problem for this model. This flat region is absent in the t-J model quasiparticle band. A simple tЈ term adds the ''bare'' hole dispersion in the form ⑀ k 0 ϭ4tЈcosk x cosk y . Considering this term as the correction to the pure t-J model dispersion one can see that it does not lift the (/2,0) point from its t-J model position, and so it cannot provide the flat dispersion in principle. Increasing of the tЈ parameter leads to the narrowing of the theoretical spectrum and to a worse agreement with experiment. These failures were the reason 4 to consider the more general model for the interpretation of the experiment. Moreover, they have made questionable the further use of the t-J-like models, which were considered as the candidates for description of the low-energy physics and superconductivity in cuprates.
Disagreement between experimental band shape and theoretical one based on the t-tЈ-J model returns us to the problem of the correct low-energy model of the real CuO 2 plane. There were some recent works devoted to this problem, which consider CuO 2 holes in the framework of the threeband model in the strong-coupling limit. [4] [5] [6] These calculations reproduce the experimental band structure much better than the t-tЈ-J ones, but some of the fitting parameters differ from those proposed in the cluster analysis of the spectroscopic data 3 and electronic structure works. 7 From our point of view the experimental and pure t-tЈ-J model discrepancy is the reason to revise approximations made in obtaining this model for the CuO 2 plane, not to deny it.
In our previous works 8 we developed ideas of the threeband model low-energy reduction, proposed by Zhang and Rice. 9 We performed the consistent quantitative mapping of the initial model to the single-band one using Vannierorthogonalized basis of the oxygen states and canonical transformation approach. 10 It allowed us to obtain the lowenergy generalized t-tЈ-J model and to calculate the ranges of its parameters for the real CuO 2 plane.
11
Our general statement 11 is that there are physical reasons for including some other terms except the tЈ one, namely, hopping terms to the next-next-nearest neighbors and the socalled ''three-site'' terms, into the low-energy model. We The American Physical Society also should stress that the simple addition of the tЈ term alone to the t-J model is too naive to give the correct description of the subtle details of the hole spectrum.
In this paper we show that the generalized t-tЈ-J model with the set of parameters, which presented in our recent work, 11 reproduces the experimental bandshape at all k points quite well.
The Hamiltonian of the generalized t-tЈ-J model has the form 11 HϭH tϪJ ϩH t Ј , 
Previously 11 we have calculated spin-polaron dispersion for the parameters discussed above using the simple variational ansatz, 13 which is quite good for the pure t-J model. It consists of the ''bare'' hole and four ''one-string'' holes, that is, as is clear by now, not enough for the correct treatment of the tЈ terms.
In this paper we treat the energy calculation problem using the self-consistent Born approximation ͑SCBA͒. First of all, one should turn to the well-known spinless-fermion Schwinger-boson representation for the Hubbard ͑con-strained fermion͒ operators. 14 In that case the constraint on the fermion degrees of freedom fulfilled exactly, 15 and the only approximation is the spin-wave one. Hamiltonian of the model ͑1͒ becomes
where h † (h) and a † (a), are the spinless hole and magnon operators, respectively, ⑀ k is the ''bare'' hole dispersion, q ϭ2J(1Ϫ␥ q ) 1/2 is the spin-wave energy, M k,q ϭ4t(␥ k؊q U q ϩ␥ k V q ) and U q ,V q are the Bogolubov canonical transformation parameters. H (2) includes the higher-order magnon terms. Bare hole dispersion has the form
where we used shorthand notation
␦⑀ k is the addition from zero-point fluctuations:
where ␣ 1 ϭ0.138, ␣ 2 ϭ0.107, and ␤ϭϪ0.347. One can see from Eqs. ͑3͒ and ͑4͒ that in contrast to tЈ ͑first terms͒, tЉ ͑second terms͒ lift (/2,0) point to the higher energy. Using the SCBA we find the Green function of the hole as G(k,)ϭ͓Ϫ⑀ k Ϫ⌺(k,Ϫ q )͔ Ϫ1 with the self-energy
It was proved earlier 16 that the first-order correction to the hole-magnon vertex is absent and the highest are very small. Recently Bala, Oles, and Zaanen 17 showed that the higher-order vertices (H (2) ) do not change the SCBA results and confirmed that one-magnon couplings are accurate enough to reproduce the realistic properties of the t-J-like models.
Equation ͑5͒ was solved numerically by the simple iteration procedure. We found no significant changes of the results for 16ϫ16 k points ͑in MBZ͒ and 1000 points, and for 24ϫ24ϫ3000 points. Also, we checked our procedure for the pure t-J model and found very close agreement with earlier results. 18 Results of our generalized t-tЈ-J model calculations together with the experimental points are presented in Fig. 1 . It is important to stress that it is not the ''best fit,'' we simply used the average values of parameters from their ''realistic range.'' In the main term of the bare dispersion ⑀ k 0 , Eq. ͑3͒, t N and t S terms enter in a combination (2t N Ϫt S ), which realistic range is ͓ Figure 1 shows a good agreement with experiment along (,0)-(0,) as well as along (0,0)-(,0) lines. Notice that the experimental error bars are much broader for the top of the hole band than for the bottom. It is due to the fact that the energy distribution curves ͑EDC's͒ have a broad maximum for these k points and it is hard to identify the quasiparticle peak in the EDC spectra.
1 This feature of the ARPES can be explained in the spin polaron approach. A lower intensity of the photoemission peaks at the top of the hole band easily connected to the lower quasiparticle residue at (0,0)→(,0) points which can be lower than the experimental resolution. It is interesting that the spectral function at these k points shows not only small intense of the lower quasiparticle peak but the wide group of peaks ͑see also Ref. 17͒. It can be directly related to the broad peak in the energy distribution curves. The origin of these peaks is due to importance of the multimagnon scattering processes for the ''cutting'' of the wide initial ͑''bare''͒ band.
We also found an important feature of the energy spectrum of the proposed model: If the values of tЉ, t S , and t N are not small ͑average and larger͒, the shape of the band is fully insensitive to the tЈ changes. Changes of tЈ only shift the energy of ground state and change the quasiparticle residue at the top of the band. Opposite to it, tЉ strongly varies the (/2,0) position. These results are shown in Fig. 2 . They are easily understood remembering that the higher-energy states are unstable. When tЉ and three-site terms are not very small, they already form the band up to the characteristic energy 2J, and further changes of tЈ ͑even in a broad region͒ touch only the higher states, which are unstable. It is interesting that the further increasing of tЉ (Ͼ0.15t) also does not change the shape of the band.
Summarizing, we showed that the generalized version of the t-tЈ-J model accurately derived from the three-band model describes very well the experimental results of ARPES on Sr 2 CuO 2 Cl 2 system.
1 Parameters of the model, for which good agreement is achieved, are from realistic regions 11 and so they are strongly justified. The hopping integral to the next-next-nearest neighbor site (tЉ) as well as three-site hopping terms (t S , t N ) is found to be the key parameters for the description of the flat region along (0,0)-(,0) line. It is argued that the isotropy of the spectra around the minimum (/2,/2) easily arises at any ͑not very small͒ tЈ, tЉ, t S , and t N parameters of the definite sign. In addition we found that the shape of the spectrum is insensitive to varying of tЈ if the other parameters are not small. Thus, the model has some rigidity to parameter changes. The smaller intensity of the photoemission peaks at the top of the band can be directly related to the small quasiparticle residues at these points.
Xiang and Wheatly 20 and Hayn, Barabanov, and Schulenburg 21 have recently proposed the same models for description of an experimental spectrum. Good coincidence with ARPES results is reported. 
